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ABSTRACT
We explore a scenario where metal poor globular clusters (GCs) form at the centres of
their own dark matter halos in the early Universe before reionization. This hypothesis
leads to predictions about the abundance, distribution and kinematics of GCs today
that we explore using cosmological N-body simulations and analytical modelling. We
find that selecting the massive tail of collapsed objects at z & 9 as GCs formation
sites leads to four main predictions: i) a highly clustered population of GCs around
galaxies today, ii) a natural scaling between number of GCs and halo virial mass that
follows roughly the observed trend iii) a very low number of free floating GCs outside
massive halos and iv) GCs should be embedded within massive and extended dark
matter (sub)halos. We find that the strongest constraint to the model is given by the
combination of i) and ii): a mass cut to tagged GCs halos which accounts for the
number density of metal poor GCs today predicts a radial distribution that is too
extended compared to recent observations. On the other hand, a mass cut sufficient
to match the observed half number radius could only explain 60% of the metal poor
population. In all cases, observations favour early redshifts for GC formation (z≥ 15).
Key words: galaxies: formation - galaxies: evolution - galaxies: structure - cosmology:
theory - methods: numerical
1 INTRODUCTION
Globular Clusters (GCs) are fundamental probes of star for-
mation in the early Universe and offer a unique local window
to the physics and conditions from the vantage of the evolved
Universe. GCs harbour one of the most ancient stellar pop-
ulations, with estimates for the upper limit in ages of Milky
Way GCs of 13.4±2.2 Gyr (Krauss & Chaboyer 2003). Al-
though GCs present a wide range of ages and metallicities
(Peng et al. 2006; Harris et al. 2015), it is interesting to
consider that the older and more metal poor objects could
have formed in the pre-reionization era, and furthermore,
that their stars may have contributed to the total budget of
photons that drove reionization (Griffen et al. 2013; Boylan-
Kolchin 2017).
Despite their relevance to star formation, galaxy evo-
lution and cosmology, there is no clear consensus on the
formation of GCs. This stems in part from the large spread
in observed GCs properties, likely suggesting that there is
more than one formation mechanism in play. For instance,
the metal rich population of GCs is believed to be formed
? E-mail: peter.creasey@ucr.edu
† NASA MIRO FIELDS fellow
mostly in-situ from the inter-stellar-medium (ISM) of galax-
ies, with an efficiency higher in disks that are more gas rich,
highly pressurised and turbulent (Kruijssen 2015), condi-
tions that are more prevalent at high redshift, and would
naturally explain the old ages inferred for GCs. This sce-
nario is also supported by observations of nearby interacting
galaxies that exhibit distinctive knots of young stellar asso-
ciations that could be hypothesised to survive as self-bound
GCs today, as well as studies of young stellar clusters in the
MW and star forming galaxies (Goddard et al. 2010; Bas-
tian et al. 2013; Adamo et al. 2015). In this fashion, metal
rich GCs are born out of the ISM in galaxies that are later
re-distributed into a more extended “halo” like configuration
due to dynamical processes such as scattering by molecular
clouds, mergers and galaxy interactions (Kravtsov & Gnedin
2005; Prieto & Gnedin 2008).
On the other hand, older and more metal poor GCs are
consistent with being accreted from smaller galaxy satellites
(van den Bergh 2000) as part of the cosmological assembly
of halos. For instance, in the Milky Way (MW) several GCs
have been associated to known stellar streams and dwarf
galaxies (Cohen 2004; Law & Majewski 2010). Coherent ro-
tation (which could be a an indicator of coherent infall) has
also been observed for M31 (Veljanoski et al. 2014), a sit-
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uation that has also been found in simulations (Veljanoski
& Helmi 2016). Another plausible formation mechanism for
GCs has been recently proposed by Naoz & Narayan (2014)
where non-negligible streaming velocities between the gas
and the dark matter at high redshifts might cause the bary-
onic collapse of GC-mass objects outside the virial radius of
the dark matter halos. In a final alternative, metal poor GCs
could represent the end product of galaxy formation on low
mass dark matter halos (Peebles 1984). This scenario pro-
poses that GCs form before reionization at the centres of
their own dark matter halos, in a similar fashion to dwarf
galaxies do, but extending the host halo mass regime to-
wards lower virial masses, and to baryonic objects where DM
halos have not been detected. Interestingly, high resolution
hydrodynamical simulations of first galaxies are starting to
support the formation of very compact stellar systems within
early collapsed halos that are structurally similar to the pop-
ulation of GCs (Kimm et al. 2016; Ricotti et al. 2016a).
The idea of GCs inhabiting their own dark halos has
been explored in the past with some attractive conclusions.
Three shall be highlighted: radial distribution of GCs, the
scaling between GCs content and virial mass of the halo and,
most importantly, the fact that GCs will then be predicted
to contain large fractions of dark matter. We discuss each of
them individually below.
• Radial distribution of GCs: Selecting rare peaks of den-
sity fluctuation in the early Universe as sites of GC forma-
tion leads to a present-day distribution of GCs that is highly
clustered around massive host halos such as MW mass and
above (Diemand et al. 2005; Moore et al. 2006). Whether the
distribution is clustered enough is a subject of study of the
present paper. For instance, the radial profile of the MWs
metal poor GCs has a median radius of 7.1 kpc Harris 1996,
(2010 edition) and decays with exponent r−7/2 (Harris 1976).
For comparison, the early work by Diemand et al. (2005)
populating GCs in high density peaks has given a consistent
radial distribution of GCs around a MW-like halo along with
a relatively compact median radius of 17 kpc (which is sig-
nificantly more extended than the aforementioned blue GCs
population in the MW, although still far from the ≈ 90 kpc
median radius of the total dark matter halo material).
Furthermore, more recent approaches to this problem have
suggested that these compact distributions of GCs in the
MW may be reconciled with predictions of this scenario by
assuming a rather early reionization time, z≤ 13, for the MW
region (Bekki 2005; Busha et al. 2010). Although earlier than
the suggested reionization time by the latest Planck analy-
sis, zre = 8.8+1.7−1.4, (Planck Collaboration et al. 2016, from the
Thompson scattering of CMB photons by free electrons),
this may still be accommodated in a scenario where reion-
ization is patchy (see e.g. Busha et al. 2010; Lunnan et al.
2012; Griffen et al. 2013) and was locally driven earlier either
by the MW itself or by nearby massive structures such as
the Virgo cluster (Iliev et al. 2011; Aubert et al. 2018). En-
couragingly, the sizes of globular cluster distributions around
external galaxies is beginning to become available for a large
sample of galaxies (Lim et al., in prep.; Georgiev et al. 2010;
Hudson & Robison 2017; Forbes 2017), providing strong con-
straints to this model.
• GC abundance that scales with Mvir: Due to the self-
similarity of the Λ cold dark matter model (ΛCDM) and its
predicted level of substructure (Yang et al. 2011), a model
where GCs form at high redshift dependent only upon halo
mass sets up a relationship today where the total number
or mass of GCs1 is nearly linear in the halo mass (see also
Boylan-Kolchin 2017), with recent estimates of the normali-
sation in observations of MGC/Mhalo of around 4×10−5 Hud-
son et al. (2014). Formation of such a trend from later-
time baryonic processes is more difficult since in general the
stellar distribution or galactic baryon distribution is highly
nonlinear in halo mass (e.g. Moster et al. 2013), causing
Blakeslee (1997) to memorably comment: “galaxies do not
have too many globular clusters for their luminosity, they
are underluminous for their number of globular clusters”.
However, it seems that the linear scaling between GC mass
and halo mass also arises naturally as consequence of the
hierarchical nature of ΛCDM, even if they formed through
fully baryonic processes, and therefore is a weak probe of
GC formation scenarios (El-Badry et al. 2018).
• Dark Matter content in GCs: The most straightforward
consequence this scenario is the implication that GCs should
be surrounded by an extended and massive dark matter halo,
in a similar fashion as inferred for dwarfs and more massive
galaxies. Unfortunately the baryonic content of GCs is ex-
tremely compact with a scale radius of just a few parsecs,
which in comparison to a dark halo with scale radius of a kpc
(Conroy et al. 2011) implies that within the half light radii
we expect the dark matter content to contribute just a few
percent to the matter density, making the discrimination of
its presence or absence a demanding task. Although stellar
dynamics are not available in the dark-matter dominated re-
gions of the outer halos, stellar light profiles and kinematics
have been used to attempt a dynamical modelling able to
constrain the matter content of some MW GCs (e.g. Lane
et al. 2010; Conroy et al. 2011; Ibata et al. 2013; Pen˜arrubia
et al. 2017) which have not found evidence for DM halos,
albeit with the additional invocation of assumptions about
levels of equilibrium/relaxation and tidal heating and strip-
ping. Interestingly, high mass-to-light ratios have been de-
tected in GCs outside the MW (Taylor et al. 2015), although
the distribution seem so compact that is better explained by
central black holes (Bovill et al. 2016) or some peculiar stel-
lar population (T. Puzzia, private communication) than by
a surrounding dark mater halo.
Further interesting predictions from this simple model
includes the dynamics of GCs (now dictated by cosmolog-
ical infall of subhalos) and the existence of very few GCs
expected to have survived until z= 0 in isolation, i.e. outside
the virial radius of galaxies and clusters. Whereas promising
new measurements from observations are starting to con-
strain the kinematics of GCs (Zhu et al. 2014; Deason et al.
2013; Napolitano et al. 2014; Spitler et al. 2012), the searches
for ‘intergalactic’ GCs in the large SDSS data-set has not
confirmed any candidates so far (di Tullio Zinn & Zinn 2015;
Mackey et al. 2016). Therefore, as observational data starts
to constrain the full space of predictions by the model, the
jury is still out on whether primordial GCs could explain (or
1 The relation with GC number (e.g. Zepf & Ashman 1993) ap-
pears to have more scatter than using GC stellar mass (Spitler &
Forbes 2009).
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partially explain) the population of metal poor GCs around
galaxies.
Studying the formation of GCs in cosmological hydro
simulations is extremely challenging given the large dynam-
ical range needed to resolve the inner structure of GCs (pc-
scale) together with the formation and environment of ha-
los on Mpc-scales (Kravtsov & Gnedin 2005; Ricotti et al.
2016b; Mistani et al. 2016; Li et al. 2017; Kimm et al. 2016;
Renaud et al. 2017; Pfeffer et al. 2018). We instead employ
a complementary approach where N-body only cosmologi-
cal simulations are used to identify the possible sites of for-
mation of GCs and a ‘tagging’ criteria to follow the GC
evolution (in a collisionless way) up to redshift z = 0. We
explore the implications of GCs forming as the central ob-
jects in dark matter halos at the redshift of reionization with
specific focus on the conditions required to satisfy obser-
vational constraints on abundance, radial distribution and
the observed (or lack thereof) intergalactic globular cluster
(IGC) distribution. We expand previous studies using a sim-
ilar technique, by looking at the GC population predicted
in a wide range of halo mass (M200 from 1011-1012.6 M),
instead of analysing the MW-like halos only. Finally we also
consider the implication w.r.t. DM in the GCs today, and
to what extent observations of the extended stellar halos (of
GCs) can constrain this.
This paper is organised as follows. In Section 2 we de-
scribe our dark matter only numerical simulation that is
large enough to capture several MW-like objects, yet high
enough resolution to identify the progenitor halos that could
be hosting GCs today, and how we tag our GCs. In Section 3
we make a comparison of this population to the observed
GC population, with particular attention to the abundance
of GCs and their radial distribution. In Section 4 we follow
their orbital dynamics around their hosts and in Section 5
consider the abundance of external ‘intergalactic’ GCs. In
In Section 6 we summarise and conclude.
2 COSMOLOGICAL SIMULATION
In order to identify dark matter halos in ΛCDM that are
numerous enough at redshift 10 to be the hosts for an old
GC population one needs to resolve halos down to a mass of
a few ×107 M, and yet be large enough to contain several
MW like objects (i.e. within a factor of a few of a halo mass of
1012 M) implying one needs to simulate a volume of several
hundreds of comoving Mpc3. Analytic models such as Press
& Schechter (1974) can be used if one is only interested in
the mass evolution and assembly history (e.g. as done for a
similar GC formation scenario by Boylan-Kolchin 2017; El-
Badry et al. 2018), yet if one needs the dynamics and the
geometry one must turn to N-body simulation.
As such we choose a box of 10 Mpc comoving on
each size, uniformly resolved with 5123 particles with mass
of 2.95× 105 M each (i.e. ≈ 340 particles for a 108 M
halo). We created initial conditions using our own code
Lizard (Creasey et al., in prep.) with the Planck cosmol-
ogy with present day mass fraction ΩM = 0.315, dark energy
ΩΛ = 0.685, Hubble constant H0 = 67.3 kms−1Mpc−1, nor-
malisation σ8 = 0.829 and spectral index ns = 0.9603, realised
at a redshift of 127.
The gravitational collapse of this dark matter distribu-
tion was evaluated with the N-body code Arepo (Springel
2010), using a softening length of 490 pc physical or 1.95 kpc
comoving, whichever is the smaller, and collapsed structures
of more than 32 particles identified with Subfind.
2.1 Tagging of GCs
In order to infer the orbits of a mass component that has
formed in the centres of these early-collapsed halos we tag
the most bound particle for all groups with virial mass
Mtag200 ≥ 108 M at a redshift of ztag = 8.65, the mass cut cho-
sen to match the number density expected for the MW (later
we consider higher and lower mass cuts to examine the effect
of this choice). The redshift for tagging in our fiducial model
should be interpreted as the average redshift of reionization
(a later assembly being assumed unable to form a GC) and
has been chosen to be consistent with Planck optical depth
constraints (Planck Collaboration et al. 2016). We follow
these to redshift zero where the majority of these particles
can still be associated with bound structures, however we
do not discard those that do not since even if one does not
resolve the structure, it is still expected to exist (van den
Bosch et al. 2018) and the most bound particle is used as
our best tracer for dynamical purposes.
The absent baryonic component of these simulations
would (if present) collapse into tightly bound objects (galax-
ies) with scale lengths of O(1) kpc (e.g. Shen et al. 2003) at
the centres of these halos. These will affect the GC popu-
lation both due to baryonic contraction of the orbits and
tidal disruption of those GCs for whom the pericentric dis-
tances become comparable to the galactic scale length. The
quantification of this we defer until Section 4.
For an overview of our cosmological simulation we show
in Fig. 1 a projection of the present day DM density, 7 se-
lected MW-mass halos along with initial (z = 8.65) and final
(z = 0) positions of the tagged GCs in red and green respec-
tively. Immediately apparent is both the strong clustering of
the initial GC sites (i.e. these are relatively extreme objects
at formation) and the corresponding clustering of their final
positions near the centres of massive halos today.
3 THE GC POPULATION
In this section we compare the distribution and dynamics
of the halos identified in Sec. 2 with the observations of
the globular cluster population. We begin in Sec. 3.1 by ex-
amining the number density of GCs per host and then in
Sec. 3.2 their spatial distribution within their host halos.
When possible we compare only to the low metallicity/blue
population. We work under the assumption that the metal
rich and red population of GCs is formed in-situ out of bary-
onic processes in the central galaxy and not well modelled
by the hypothesis of GCs formed in their own dark matter
halos.
3.1 GC abundance
The most basic question to ask of a GC formation model is
whether it predicts the right abundance of GCs as a function
of their hosts. The tightest correlation is believed to be be-
tween total mass in globular clusters vs. halo mass (Spitler &
MNRAS 000, 000–000 (0000)
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Figure 1. Projection of GC candidate positions identified at red-
shift 8.7 (red dots) as halos of M200 > 108 M and tracking the most
bound particle to redshift 0 (green dots), with blue dots denoting
structures that are still the most massive in their host halos. 7
MW-like halos (see text) have z = 0 positions denoted by yellow
stars, and background shading represents dark matter density at
z = 0.
Forbes 2009), although one can use GC number as a proxy
for GC mass as well (e.g. Blakeslee 1997). Using number
of GCs instead of mass eases the comparison with our sim-
ulations since we have not followed the detailed baryonic
processes (i.e. environment dependent formation and subse-
quent stripping) which would allow us to assign masses per
GC.
As explained in Sec. 2.1, we use our fiducial cut to seed
all halos above Mvir = 108 M at z= 8.65 with a GC. We then
follow the most bound particle in these halos at z = 0 to pre-
dict the position and velocities of those GCs at present day.
As shown in Fig. 1, due to hierarchical assembly, painted
GCs are today highly clustered around more massive halos,
in good agreement with the distribution of observed GCs.
We emphasise that this particular choice of tagging param-
eters is by no means unique; there is a degeneracy between
mass and redshift for tagging that can reproduce a similar
abundance of subhalos at z=0 (see also Diemand et al. 2005).
In Fig. 2 we illustrate this degeneracy in terms of the rarity
of density peaks given a combination of mass and redshift
for tagging. We also include expectations from reionization,
in particular, our fiducial tagging corresponds to halos above
a reionization temperature of just below 10,000 K at a time
consistent with the Planck measurements, although this cor-
respondence is not exact since reionization is expected to
be neither instantaneous nor entirely homogeneous. For this
reason we consider 5 other combinations of time and mass,
indicated with different symbols. A previous estimate by
Moore et al. (2006) of the rarity of material needed to forms
globular clusters corresponded to halos whose (linear) over-
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Figure 2. The tagging times (expansion factors) and masses used
in this work, in comparison with other constraints. Dotted green
circle indicates the fiducial ztag = 8.65, Mtag = 108 M, whilst open
coloured symbols indicate other taggings (see values inset), with
colours corresponding to Fig. 3. Brown vertical line and shaded
indicate the Planck 2016 reionization time estimate and uncer-
tainty. The red line indicates halo masses that correspond to a
reionization temperature of 104 K, with the effect of raising or
lowering to 20,000 K or 5,000 K given by the red shaded region.
Labelled black lines indicate the rarity of these halos (the number
of sigma of the expected linear overdensity from the mean, see
text). The models in green approximately match the number of
blue GCs for a 1012 Mhalo (see Fig. 3).
densities are approximately 2.5σ above the mean. For com-
parison we have included the halo mass corresponding to
1.5, 2.5 and 3.5σ (using a sharp-k filter) as a function of
expansion factor.
In Fig. 3, we convert these taggings into the number of
GCs within the virial radius (defined here as the radius that
encloses 200× the critical density) of all identified halos in
our simulation output at z = 0 and plot the resulting abun-
dance of GCs per halo, where we have only included halos
with at least 1 GC. This is shown as green solid symbols,
using individual dots for halos with more than 8 GCs and
otherwise indicating the range with error bars for the 15 and
85th percentiles in mass. This is compared to GC observa-
tions in the local group compiled in Mackey (2015), where
we have converted V-band magnitude to stellar masses for
each host galaxy assuming a mass-to-light ratio of 1 and es-
timated halo masses based on the abundance matching pre-
scription from Moster et al. (2013). Additionally, local group
values (all except for the Milky Way) have been corrected
by the estimated fraction of blue GCs using:
fblue = min
(
M200
107 M
,1
)−0.07
(1)
taken from Harris et al. (2015). For the MW, we have applied
instead a metallicity cut, including all GCs with Fe/H<−1
as blue (Harris 1996, 2010 edition).
The left panel of Fig. 3 show a reasonable good agree-
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Figure 3. GC counts as a function of halo mass for our simulation (systems with more than 8 GCs are shown as individual green points,
otherwise we indicate the range with error bars for the 15 and 85th percentiles in mass). Blue diamonds indicate the number of inferred
blue GCs of local group galaxies (with halo masses inferred from the abundance matching of Moster et al. 2013) and the fraction of blue
GCs using the conversion in Eqn. (1) for all except the MW (where the discrimination is made with Fe/H). Left panel shows the expected
substructure scaling (from Yang et al. 2011) in grey line. Coloured dashed lines indicate the relations for our simulation with different
tagging masses, dashed magenta line is for 3×108 M and dot dashed brown line is for 3×107 M. In the right panel we show the effect
of different redshift cuts, with ztag = 14.1 in magenta dotted and ztag = 6.4 in brown dashed line. Green dotted line shows a combination of
a lower mass cut of Mtag = 1.5× 107 M at the higher tagging redshift (ztag = 14.1) that has been chosen to match the current blue GC
abundances.
ment between local observations and the predictions of our
model. We highlight that while the agreement on the nor-
malisation is obtained by construction– our fiducial mass cut
108 M was chosen to reproduce approximately the abun-
dance of blue GCs in the MW, see Sec. 2.1 – the scaling,
which is almost linear in halo mass, emerges naturally within
ΛCDM since the number of high redshift progenitors scales
approximately linearly with the halo mass. The grey solid
line on the left panel of Fig. 3 corresponds to the scaling
of the number subhalos of 108 M accreted by halos as a
function of mass (taken from Yang et al. 2011). Further dis-
cussion of the application of this approach to GCs can be
found in Boylan-Kolchin (2017) and El-Badry et al. (2018).
One statistic not shown in this plot is the fraction of halos
which have no GCs. For our fiducial mass cut, around 50%
of galaxies in an M200 ≈ 5×109 M halo (with stellar mass
M? ≈ 106 M) have no GCs, falling sharply with increasing
halo mass.
Fig. 3 also explores the effects of assuming a different
mass cut (left panel) or redshift cut (right panel) for the
tagging of GCs. In agreement with previous work (e.g. Die-
mand et al. 2005), more restrictive cuts in terms of density
fluctuations at high redshift would result in a lower number
of primordial GCs identified around more massive halos to-
day. For example, a higher mass cut Mvir > 3× 108 M to
seed GCs (magenta dashed, left panel) or an earlier reion-
ization time ztag = 14.1 (magenta dotted line, right panel) is
reflected on a smaller fraction of halos qualifying as GCs for-
mation sites and therefore a smaller abundance of GCs per
halo at z = 0 compared to our fiducial model. On the other
hand, tagging less massive halos (brown dot-dashed line, left
panel) or our fiducial mass cut but at a later reionization
time ztag = 6.4 (brown dashed line, right panel) would both
result on a higher GC occupation per halo today. As shown
in the next section, these variations on the abundance of GCs
given how “rare” the GC-hosting density peaks are at high
redshifts correlate strongly with their expected clustering at
z = 0, which can be used in combination with observations
to better constrain this scenario.
3.2 GC spatial distribution
Our next comparison is the predicted radial distribution of
GCs around massive hosts at the present day. For reference,
the number density of globular clusters in the Galactic halo
is observed to decline steeply with distance to the MW, with
n(r) ∝ r−3.5 as average best fit relation (e.g. Harris 1976;
Helmi 2008). This is comparable to the radial distribution
of halo stars in numerical simulations of galaxies but is sig-
nificantly more concentrated than the expected distribution
of dark matter or even dwarf satellite galaxies (e.g. Abadi
et al. 2006). We have selected the seven halos in the ‘MW-
like’ halo mass range of M200 = 1012±0.5 M and checked
that the radial distribution obtained is consistent with this
value, a fact that has previously been highlighted (Diemand
et al. 2005) as an appealing feature of this mechanism for
GC creation (and similarly for halo stars).
However, the galactic GC distribution seems to flatten
for the interior 50% of GCs and possibly steepens for the
outermost (see e.g. Fig. 7 of Harris 1976) making the ra-
MNRAS 000, 000–000 (0000)
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Figure 4. Median radii of GCs from their hosts. Green line shows
the median relation for our simulation, with shading for 15 and
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& Robison (2017) in addition to dIrrs (orange outline) and dEs
and dSphs (red outline) from Georgiev et al. (2009). The black
star is the 17 kpc median radius quoted in Diemand et al. (2005).
The effect on populations of higher and lower mass cuts (as for
Fig. 3) is shown in magenta dashed and brown dot-dashed lines
respectively, and the green dotted line represents the z = 14.1 cut.
Dashed black line indicates 2.5% of the virial radius, approxi-
mately matching the MW median GC radius.
dial profile of GCs somewhat radius dependent and also well
constrained only for the MW and a short handful of other
galaxies. An alternative metric to quantify the radial distri-
bution of GCs about their hosts is to use the median dis-
tance, i.e. the radius enclosing half the number of GCs per
host, which has been recently observationally constrained on
hundreds of galaxies over a wide mass range (Georgiev et al.
2009; Hudson & Robison 2017). In Fig. 4 we show the me-
dian half-number size, RGC0.5 , predicted by our fiducial model
as a function of the stellar mass of the host galaxy at z = 0
(green solid line, stellar mass computed assuming abundance
matching model by Moster et al. 2013). Green shaded region
indicates the 15%-85% quartiles of the distribution. For our
fiducial model, the half number radius of the GC system is
comparable to ∼ 14% of the virial radius of the host halos,
whilst for the MW it is only about 2.5%, a fraction which
we plot for other halo masses for comparison.
The predicted size for the GC distribution can vary with
the assumptions made to tag these GCs. For instance, Fig. 4
shows the median half-number radius expected if the mass
cut for tagging GCs at ztag = 8.6 is changed to a smaller
M200 > 3×107 or larger 3×108M compared to our fiducial
value. As expected, when the tagged halos are more massive,
or correspondingly “rarer” density peaks at ztag, the GCs
at z = 0 are more clustered (dashed magenta line) than in
our fiducial model (solid green). On the other hand, a lower
mass cut results in a more extended distribution (dot-dashed
brown line). Similar behaviour is observed for a higher or
lower redshift cuts at fixed halo mass. These variations are
interesting when combined with predictions for the number
of GCs expected in each case. As discussed in Fig. 3, the
abundance of GCs within halos at z = 0 also depends on the
assumptions for tagging, with larger abundances associated
to less extreme cuts to host a GC in the early Universe
(either lower mass or lower redshift). This highlights a strong
prediction of this model: a fundamental relation between the
size of the GCs distribution and the abundance of GCs per
host halo at present day.
We compare the GC distribution in our models to ob-
servations in Fig. 4, showing with symbols plus error-bars
available measurements on the half-number radius of GCs
on external galaxies (data taken from Georgiev et al. 2009;
Hudson & Robison 2017)2. Data for the blue GC population
of the MW (blue star) and M31 (open circle) are taken from
in the case of the MW and from Harris 1996, (2010 edition)
and for M31 from Galleti et al. (2004) complemented with
outer halo clusters from the Pan-Andromeda Archaeologi-
cal Survey (Huxor et al. 2014). The result of our fiducial
model (chosen to roughly reproduce the abundance of GCs
today) is consistent with observations of low mass galaxies
(Mstellar 108 M) but seems to overestimate the sizes of the
GC distributions for larger masses. For instance, for stellar
masses in the range 1010-1011 M the half number radius pre-
dicted is 54 kpc (25-69 kpc for 15 & 85th percentiles respec-
tively) which should be compared to the average ∼ 10 kpc
expected for MW-like galaxies. We have checked that in-
cluding the effects of baryonic contraction in the central po-
tential of these halos or changing the weight of the tagging
technique can shrink the expected sizes by around 6 kpc,
but is not enough to bring the results into agreement (see
Appendix A for details).
Instead, adopting a higher threshold mass for tagging
(magenta curve) helps accommodate the half number radius
with observations of the MW, at the expense of explain-
ing the number counts (see Fig. 3). Raising the reionization
time to ztag = 14.1 and simultaneously reducing to the tag-
ging mass to fit the number counts (see Fig. 3 green dotted
line) also improves the radial distribution, although is still
in significant tension with the observations. We have cal-
culated models where an infalling distribution is combined
with a compact distribution produced in some galactic pro-
cess, and find that in order to match the median radii at
most 60% of the GCs could come from an infalling popula-
tion.
At the other extreme, if the GC progenitors were tagged
randomly with dark matter particles, their median radii
would match that of the dark matter (not shown), at around
90 kpc for the MW and much too extended compared to the
observations, even though it would be possible to match the
abundances (as shown by El-Badry et al. 2018).
We note that we have ignored the process of tidal dis-
ruption of GCs, that may impact around half of the GCs as
they orbit the main halo (e.g. Prieto & Gnedin 2008; Mura-
tov & Gnedin 2010; Choksi et al. 2018, though Carlberg 2018
2 Hudson & Robison (2017) reports the Re of GC systems, where
Re is the half light radius of the best fit de Vaucouleurs profile to
the GCs distribution. Georgiev et al. (2009) results are multiplied
by a factor 4/pi to convert the median projected radii to 3D
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Figure 5. Pericentre, apocentre and current radius for the tagged
GCs in the most massive halo (left panel) and 2nd-most massive
(right panel) from Fig. 1. Red points indicate the pericentric pas-
sage and cyan points the apocentre (calculated as in Sec 4). Or-
bits are ordered in azimuth by their current radius (green points,
starting from magenta square), such that the azimuthal direc-
tion is the quantile, with percentiles marked with dotted lines.
Labelled solid lines indicate radial distances in kpc (spaced log-
arithmically), whilst the dashed black line indicates R200.
have found values nearer unity), where GCs with smaller
apocentric radii are preferentially disrupted into streams.
Such a preferential removal of GCs would only exacerbate
the tension with the observed distribution.
The compact distribution of GCs around the MW has
been highlighted before as a hint for an earlier reionization
time in our Galaxy (z ∼ 15, see Bekki 2005), which could
be a sign of patchy reionization. In fact numerical simula-
tions have shown that larger halos and clusters are believed
to reionize earlier due to the UV emission from their pro-
genitors (Alvarez et al. 2009; Li et al. 2014) and partial ev-
idence for this is also found in observations (Spitler et al.
2012). A higher than average redshift of reionization for the
MW seems preferred not only from their GC distribution
but would also help alleviate the missing satellite problem
in the Local Group (Busha et al. 2010; Li et al. 2014). How-
ever, we notice that the MW or even M31 in Fig. 4 are
not far from the average of external galaxies with the same
mass, and therefore GC formation models should be able to
account for this rather compact GC distribution without in-
voking particular outliers in the reionization history. Based
on our results, current measurements for half number radius
of metal poor GCs suggest that about half and up to 60%
of GCs in MW-like objects could have been formed in early-
collapsed halos at high redshift. In what follows, we study
their expected kinematics.
4 ORBITS AND DYNAMICS OF GCS
GCs that formed at the centres of their own DM halos
will follow orbits and kinematics predicted primarily by the
ΛCDM scenario. We use our simulations and tagging tech-
nique to explore the present-day orbits of GCs around MW-
mass hosts. Unless explicitly mentioned, we focus on our
fiducial tagging model, although the results presented do
not depend significantly on this assumption.
Dark matter halos within ΛCDM have radially biased
orbits (Wojtak et al. 2009, 2013) with apocentres that are
significantly larger than the pericentres. Numerical simu-
lations have shown that subhalos (and therefore satellite
galaxies inhabiting those subhalos) inherit such elliptical or-
bits (Sales et al. 2007; Iannuzzi & Dolag 2012), an effect
that contributes to the disruption and lowering of star for-
mation in satellites, even for those seemingly today in the
outskirts of groups and clusters. If blue GCs –or a fraction
of them– are expected to form within DM halos, we might
expect their orbits to have an ellipticity comparable to satel-
lites, with present-day positions correlating poorly with their
minimum distance to their hosts.
In order to characterise the orbits of our GC candidates
we need a time sampling that is significantly higher than
the outputs of the snapshots in the simulation. A more ac-
curate orbit parameter estimation can be achieved by taking
the present day position and velocity of GCs and integrat-
ing their orbits in an analytical potential. We approximate
the host potentials as NFW profiles (Navarro et al. 1997).
The two NFW parameters are the M200 and the scale radius
rs (determined from the relation rs ≈ Rvelmax/2.16, where Rvelmax
is the radius of maximum circular velocity in the spheri-
cally averaged mass profile). The pericentric and apocentric
orbital passages of the GC candidates are then calculated
from the radial and tangential velocity components vr and
v⊥ relative to the halo centres, along with their current ra-
dius.
As an example, we show in Fig. 5 the relation between
present day distance (green), pericentre (red) and apocen-
tres (cyan) of tagged GCs for the two most massive MW-
like halos in our simulation. In this polar representation,
GCs are sorted according to their present day distance, mov-
ing counter-clockwise from the furthest to the nearest and
starting on the right magenta square. Solid thin lines indi-
cate lines of constant radius at 1, 10 and 100 kpc from the
host, while the dashed circle indicates the virial radius of
the system 260 and 189 kpc for left and right, respectively).
A circular orbit in this representation would have three dis-
tances coinciding on the same point. Instead, an elliptical
orbit has a large separation between the corresponding red
and cyan dots, with the green symbol at some intermediate
distance according to the phase of the orbit.
Fig. 5 highlights that, as expected, GCs formed with
this cosmological origin are characterised by quite elliptical
orbits, with apocentres that are on average (median) a fac-
tor∼ 4 farther than their pericentres. However variations can
be large, with a significant fraction of GCs that today are
found near ∼ 100 kpc that could have ventured in the past
within just 10 kpc of their hosts. Interestingly, this figure
also highlights an important prediction: very few (although
non zero) number of GCs have apocentric distances that go
beyond the R200 of the system and may be interpreted in ob-
servations as “intra-galactic” objects when they are actually
bound. We return to quantifying this in Sec. 5.
The large ellipticity in GCs orbits means that they could
have been in the past exposed to much stronger tidal forces
than estimated for their present day position, with impor-
tant consequences on the GCs tidal disruption and, espe-
cially, of their surrounding dark matter subhalo. Indeed,
Fig. 5 suggests that the dark matter content of GCs shall
not be judged as intact even for GCs that today are seen in
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Figure 6. Estimate of the tidal truncation radius from their
pericentric passages, with and without the DM halo, for the GCs
around the 7 model MWs from Fig. 1. Coloured points indicate
the tidal radius using the DM satellite mass in Eqn. (2), where
the colours correspond to the fraction of DM stripped (from 11-
93%). Red stars indicate the tidal radius using only the stellar
component (i.e. for those where the DM halo has been stripped).
For comparison, horizontal black solid, dashed and dotted lines
indicate a fiducial GC stellar distribution, as the radii that contain
50, 90 and 99% of the stellar fraction.
the outskirts of their hosts. How much of their initial dark
matter mass might still be associated to blue GCs is there-
fore dependent not only on their current distance but also
of their past orbital history. For instance, at our resolution,
only 20% of the GC-hosting subhalos whose most bound
particle is around 100 kpc today has retained a resolved
DM-substructure that is identified by our subhalo finder (32
particles or more). This number, although indicative of the
overall trend, is certainly strongly dependent on the numeri-
cal resolution of our simulation (see e.g. van den Bosch et al.
2018). Instead, we estimate analytically the expected trun-
cation radius and retained dark matter mass fraction for the
subhalos in Fig. 6.
To be conservative, we estimate the tidal radius and re-
tained mass fraction at the pericentric distance, when the
background potential is maximal and the effects of tidal dis-
ruption are strongest. Taking the best-fit NFW profile to
our MW-like host halos, we estimate the tidal radius rt of
our tagged subhalos from( rt
r
)3
=
Msat(
2− dlnMhostdlnr
)
Mhost(< r)
(2)
with Mhost and Msat the total mass of the host and satel-
lite dark matter halo (see Springel et al. 2008), and r be-
ing either the pericentric distance to the host or the cur-
rent distance (see Fig. 6). We also account for the effects of
baryons in the central halo by adding to the potential a disk
of mass 1011 M and scale radius 3 kpc. As shown in Fig. 6,
the tidal field of the MW generally only strips the subhalos
down to > 500 pc, well above the observed half-light radius
of the stars in GCs (rh . 10 pc, see solid black line), even
for orbits with small pericentric passages. This is somewhat
misleading, however, since many of these will have lost the
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Figure 7. Velocity anisotropy (β) as a function of distance nor-
malised to the virial radius for the GCs in the 7 MW mass halos
from our simulations (green square symbols). Due to low number
statistics we show only 2 radial bins. Error-bars correspond to
the 15-85% percentiles. GCs in this scenario are expected to be
on strongly biased radial orbits (β ≥ 0.3) which are slightly more
radial than the underlying dark matter particles in the host halo
(green dotted line and shaded region showing the 15-85th per-
centiles of the distribution). We compare with a few available ob-
servations from the literature: GC anisotropies for the blue GCs
of the MW are shown in blue squares with errors, for M87 are
shown as the solid grey line (from Zhu et al. 2014, Fig. 12), for
NGC 5846 in dashed grey (from Napolitano et al. 2014, Fig. 5),
and for NGC 1407 in grey circles with error bars (from Spitler
et al. 2012, Fig. 3).
majority of the dark matter (these tidal radii correspond to
11-93% of their dark matter). If the DM stripping becomes
non-linear (e.g. for multiple pericentric passages), then the
relevant satellite mass in Eqn. (2) is only the stellar mass,
and we additionally plot the calculation for these in Fig. 6
(star symbols). For comparison we also show enclosed mass
fractions for a fiducial King (1966) profile with half mass
radius of 10 pc and concentration 1.5, and the overlap of a
significant fraction suggests that many of these would have
appreciable tidal tail, such as those seen in Carlberg (2017).
Whether or not the DM content of the relatively undis-
turbed subhalos should still be observable is the subject of
study of a forthcoming paper (Creasey et al., in prep), but
we highlight here that one of the strongest predictions of this
GC formation model, namely the existence of a massive and
extended dark matter halo surrounding each GC, should be
evaluated with care due to the highly radial orbital structure
expected in this scenario for GCs around their host galaxies
added to the the very compact distribution of stars map-
ping too little of the expected extension of this dark matter
component.
An alternative way to quantify the ellipticity of the or-
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bits is through the anisotropy parameter β defined as:
β = 1− 1
2
〈
v2⊥
〉〈
v2‖
〉 , (3)
where
〈
v2⊥
〉
and
〈
v2‖
〉
are the velocity dispersion in the ra-
dial and tangential directions. Even in a simulation where
there is no uncertainties on the tracer velocities this gener-
ally requires large sample sizes (since both quantities need
to be estimated), and so we compute the average β profile of
the tagged GCs as a function of distance (normalised to the
virial radius) for the stacked sample of our 7 MW-mass ha-
los in two radial bins (median and 15-85% percentiles shown
in green square symbols with error-bars), which we choose
located at 0.03 and 0.3 R200. As expected from Fig. 5 the
predicted orbital structure for GCs is strongly biased ra-
dially (β > 0), in particular at large radii. Notice that the
anisotropy of the orbits of GCs traces roughly that one of
the underlying dark matter halo of the host (see green dot-
ted and shaded regions), although with slightly larger ra-
dial component than the dark matter particles (in agreement
with Diemand et al. 2005).
Observationally, measuring the anisotropy of GCs is an
even more challenging task, however some observational con-
straints are becoming available. For the case of the MW,
Gaia Collaboration et al. (2018) provide proper motions
for 75 GCs, and we show the velocity anisotropy estimated
for the blue GCs in two radial bins in Fig. 7. Although
not strongly constraining (primarily due to the low number
statistics), they do suggest a small positive radial anisotropy
consistent with a radial infall model.
Beyond the MW, for other external ∼ L∗ galaxies (e.g.
M31) one can apply spherical Jeans modelling to infer the
missing components3, but the mass-anisotropy degeneracy
introduces a large additional uncertainty (e.g. Diakogiannis
et al. 2014) that limits the utility of the β measurements at
present. Instead, the situation is more promising for GCs in
cluster sized halos (which have correspondingly many more
GCs) and Zhu et al. (2014); Napolitano et al. (2014) and
Spitler et al. (2012) have inferred anisotropy profiles from
these for M87, NGC 5846 and NGC 1407 respectively, with
M200 ≈ 1013 -1015 M, which we show in grey curves and
symbols for comparison in Fig. 7. Note that for the Virgo
cluster there is some additional uncertainty in that the clus-
ter may not be relaxed (Binggeli et al. 1987; Strader et al.
2011).
Taken at face value, Fig. 7 suggests that GCs formed
cosmologically in their own dark matter halos prior to in-
fall into their (larger) present day hosts would have a larger
radial velocity anisotropy than is observed for real systems.
However we caution that one cannot make strong conclu-
sions due to the size of the uncertainty in observations and
the fact that our predictions are for MW-mass systems and
observational constraints are only available for larger group
and cluster halos.
3 In the case of M31 the GC spatial and velocity correlations are
visually apparent (Djorgovski et al. 1997), previously Veljanoski
et al. (2014) assumed an isotropic (β = 0) velocity dispersion in
the 30-100 kpc range.
Local IGC Galactic centre
Figure 8. Sky distribution of simulated “intergalactic” GCs (red
dotted circles), defined as those laying within [1-3] R200 of a MW-
like halo and not bound to any other system with M200 > 3×108
M (i.e. not belonging to any other halo of a field dwarf). We
plot the GC distribution from an Earth-like vantage: 8 kpc from
the centres of the two most massive MW-like halos (halos as for
Fig. 5). Green dots denote (local) “normal” candidates within
R200 and red dotted circles denote the isolated GC candidates.
Black plus indicates the direction to the halo centre. This scenario
predicts very few intergalactic GCs, with bounds consistent with
the current lack of observational candidates (see text for more
detail).
Regardless, it seems interesting that at large radii sev-
eral observations suggest tangential velocity anisotropy (i.e.
β < 0), which seems difficult to accommodate in this sce-
nario. In fact, radial anisotropies (especially at large radii)
are not limited to this model only. For instance one would
also expect this if GCs were formed either in the main galaxy
and ejected (since GCs with a distant orbital apocentre
would still be expected to have a near pericentre and thus a
nearly radial orbit) and similarly if outer GCs were stripped
from satellites (which would also need to be on quite radial
orbits to be significantly affected by tidal disruption during
close pericentre passages). Mechanisms such as preferential
destruction of GCs on radial orbits can be invoked, but as we
saw earlier this is expected to affect only a modest fraction,
and as such observations suggesting tangential anisotropies
beyond 20% of R200 remain a puzzle. This unusual dynam-
ical arrangement of GCs seems reminiscent of the ‘planes
of (accreted) satellites’ of M31 (Koch & Grebel 2006) - an
arrangement that in ΛCDM is unlikely although not excep-
tional (Cautun et al. 2015).
5 THE ABUNDANCE OF INTERGALACTIC
GLOBULAR CLUSTERS
One attractive avenue for the discrimination of GC forma-
tion models is the presence or absence of isolated/free GCs
at the present day floating outside more massive hosts. Since
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the model where one populate the high-sigma peaks at high
redshift causes GC progenitors to lie outside galaxies at their
formation, some fraction of these could still be isolated from
galaxies today (so-called Intergalactic Globular Clusters or
IGCs) inhabiting their own dark matter halo. This is in con-
trast with models where GCs are the result of baryonic for-
mation processes in galaxies and essentially remain associ-
ated to the galactic halos for their entire lifetimes (exclud-
ing some almost vanishingly small fraction that are ejected
during halo interactions and whose resulting orbit fails to
be incorporated in either halo). It is important to keep in
mind, however, that the high-sigma peaks at high z are still
strongly clustered, and the vast majority will be incorpo-
rated into larger halos at redshift zero as a result of this (see
for instance Fig. 1)
On the observational side the result is a null one,
i.e. there are no observed isolated (i.e. not bound to the
halo of a galaxy) GCs. Marginal cases exist, for example
Crater/Laevens I (Belokurov et al. 2014; Laevens et al. 2014)
at ≈ 150 kpc, however this still puts it inside R200 for the
MW (≈ 240 kpc, e.g. Springel et al. 2008). Nevertheless the
observational volume over which we can be confident of com-
pleteness is limited. di Tullio Zinn & Zinn (2015) searched
the Sloan Digital Sky Survey (SDSS) and none of the GCs
they found appear to be truly isolated (Mackey et al. 2016),
which from their figures is complete to a depth of around
750 kpc (around the distance of M31, and smaller than the
≈ 1 Mpc extent of the Local Group) and the SDSS footprint
is around 14,555◦ (around 30% of the sky) which gives a
volume of around 0.5 Mpc3.
To evaluate the level of this constraint quantitatively
means we would like to know the abundances of these IGCs
inferred from our N-body simulation. Notably in ΛCDM the
regions from 1-3R200 will on average be several tens of times
denser than the mean density of the Universe (even exclud-
ing that the Local Group is a loose ‘group’ containing M31,
suggesting a density higher than average for a MW mass
galaxy, discussed further in Creasey et al. 2015) and corre-
spondingly one could expect the density of GCs to be much
higher too. In order to evaluate this we took the 7 MW-mass
halos in our simulated box and counted GCs that are both in
the range 1-3R200 and not incorporated into any other halo
above 3×108 M (3× the mass threshold, and thus signifi-
cant halo growth usually associated with the merger into a
LG galaxy). A sky-projection for such intergalactic GCs is
shown for our two most massive halos in Fig. 8 (see red dot-
ted symbols). These maps assume solar-like position 8 kpc
from the centre of the halo and we have marked for com-
pleteness “normal” GCs that are within R200 (green dots).
Isolated GCs show, as expected, little clustering.
We find that isolated GCs are indeed very rare, with the
most massive halo having only 9 in this range (lower panel)
and the second most massive only 3 (upper panel). Com-
bining all our data together gives an abundance measure for
GCs between 1 and 3R200, denoted N13, of
N13 = 4.7×
(
M200
1012 M
)
, (4)
where we have assumed a linear scaling with halo mass and
had to apply a volume correction of a couple of percent due
to a slight overlap of the R = 3R200 spheres of the seven ha-
los. For comparison we have repeated this calculation for
the higher redshift tagging (z = 14.1, Mtag = 1.5× 107 M)
and found this reduces the prefactor by around 40% to 2.77,
i.e. as one might expect from their higher clustering at high
redshift that they are less common in the field today. The
value of 4.7 for a fiducial 1012 M MW halo would corre-
spondingly suggest that for 30% of the sky (i.e. the SDSS
result from di Tullio Zinn & Zinn 2015 and Mackey et al.
2016) the expected value would be 1.4 IGCs and, assuming
Poisson statistics, that the probability of observing zero is
exp(−1.4) ≈ 25%, and easy to accommodate (by extension
also true for the higher redshift cut). In the future, as more
GCs are identified in the outskirts of our galaxy, the obser-
vation of isolated GCs free floating between galaxies might
become an exciting constraint to the models.
6 SUMMARY AND CONCLUSIONS
Old globular clusters have ages comparable to the Hubble
time, the remaining uncertainty around which has significant
implications for their formation. A late formation hypothesis
(z≈ 4) would indicate a galactic origin (either in the MW or
its progenitors and satellites) whilst an early formation (z≈
10) would be compatible with they forming at the centres
of their own dark matter halos in the most massive halos at
that time (a.k.a high density sigma peaks, Diemand et al.
2005).
In this work we study various implications of the latter
hypothesis and examine their constraining power when com-
pared to local available observations. We perform an N-body
cosmological simulation of a 10 Mpc box where we are able
to resolve halos with M200 > 107 M. We employ a tagging
technique to identify the GC-forming halos at high redshift
and trace their positions to the present day. In agreement
with previous studies, we find that choosing rare sigma peaks
(massive halos) at high redshift as formation sites for metal
poor GCs lead to a highly clustered distribution of GCs to-
day around more massive galaxies, a simple consequence of
the hierarchical nature of ΛCDM.
Interestingly, we find that such simple assumption and
tagging process automatically generates a GC abundance
per halo that is almost linear in halo mass, in good agree-
ment with the observed relation between the number or mass
of GCs and host halo mass (Hudson et al. 2014). The nor-
malisation of that scaling depends sensitively on the mass of
the GC bearing halos and the redshift of tagging. Once both
are fixed, this has consequences for both, the abundance and
the radial distribution of GCs at present day. We find that
using both properties combined can place strong constraints
on this formation scenario for GCs. Namely, early redshifts
and higher masses assumed for tagging result on more cen-
trally concentrated radial distributions and correspondingly
also a lower number of GCs per host.
If one chooses a mass and redshift cut consistent with
the observed abundance of GCs (in our model this occurs
for M200 = 108 M and ztag = 8.65, adopted as our fidu-
cial model), the obtained radial distribution is too extended
around MW-like hosts compared to observations. For ex-
ample, the observed radius containing half of the MW blue
GCs population is 7.1 kpc, compared to ∼ 54 kpc median in
our fiducial model. Fitting the observed half number radius
of GCs would require us to assume a more strongly biased
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population of halos forming GCs at high redshift, which re-
sults on a lower z = 0 abundance that can account for only
50-60% the observed number of metal poor GCs in MW-like
systems.
We conclude that although this formation scenario
might not explain all the observed blue GCs in MW-like
halos, it can account for about 50-60% of it according to the
current observational constraints. Notice that some of this
tension would be alleviated if the MW and other nearby
galaxies were somehow special, which might be the case if
reionization was inhomogeneous (Spitler et al. 2012). How-
ever, as the radial distribution of GCs around other MW-
mass galaxies have become available, it appears more un-
likely that the MW is an outlier and consequently may need
a different explanation for their rather compact distribution
of metal poor GCs. Encouragingly, this formation scenario
seems to predict the correct abundance and radial extension
of metal poor GCs in dwarf galaxies.
As such, it is worth exploring further the other predic-
tions of this formation model in terms of kinematics and dis-
tribution of GCs. Peak-models naturally set up a radial ve-
locity anisotropy where GCs navigate into the galactic halo
on preferentially relatively radial orbits (β > 0.3). Counter-
intuitively there are a number of observations that suggest
either isotropic or even tangential velocity anisotropies from
tracer material in the halos, albeit the best evidence comes
from larger halos (clusters) and require strong assumptions
of equilibrium and mass distribution. Our N-body simula-
tions suggest that the intrinsic scatter in the outer halo
(which is primarily caused by substructure) can be quite
large, meaning that the constraining power based on a hand-
ful of either observed or simulated objects is rather weak.
Cluster scale larger volume simulations would be required
on the theoretical side.
The high ellipticity expected for GC orbits also means
that a large fraction of GCs must have passed within only
a few dozen kpc of the centre of the host, even for those
GCs currently populating the outskirts of halos. Analytical
estimates based on the orbits in our simulations indicate that
the majority of GCs have lost at least half of their initially
bound dark matter mass, and even GCs today at distances
as far as 100 kpc can be heavily stripped, retaining only 30%
of dark matter on average but down to 7% for those in the
most highly radial orbits. This should be kept in mind when
attempting dynamical modelling of the stars in GCs (e.g.
Conroy et al. 2011). We will address the consequences for
the dark matter content of GCs formed in this scenario in
more detail in a forthcoming paper (Creasey et al., in prep).
One strong constrain to this model is the fact that de-
spite significant observational efforts, no detection of truly
isolated GCs (i.e. those not associated with the halo of any
galaxy) has been made so far (e.g. di Tullio Zinn & Zinn
2015; Mackey et al. 2016). Our model predicts that inter-
galactic GCs should be, indeed, extremely rare and consid-
erations of the volume explored in observations retrieves a
predicted detection of ≈ 1.4 GC, consistent within Poisson
noise with the current null detection in observational cam-
paigns.
Our results support a scenario where more than half
of the blue GCs could have formed within their own dark
matter halos at high redshift before reionization. Due to the
hierarchical and self-similar nature of substructure within
ΛCDM this simple model provides strong predictions for
the abundance, radial distribution and kinematics of such
population.
Although the detection of a large dark matter compo-
nent surrounding some of these GCs is the most tempting ev-
idence for this formation scenario, the devil could instead be
in the details; and a more systematic joint study of number,
radial distribution and kinematics of observed GCs around
other large systems might prove equally fruitful at constrain-
ing GC formation scenarios. In the MW itself, the detection
of a GC candidate associated to the ultra-faint dwarf Eri II
prompts the idea of at least some GCs being hosted by unde-
tected surrounding dark matter halos (Zaritsky et al. 2016).
As the cosmological place of GCs continues to be studied, it
must not be discarded that the oldest and more metal poor
GCs could have originated in the hearts of early collapsed
dark matter halos, constituting the easiest to observe and
therefore most accessible reionization fossils available to our
telescopes today.
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APPENDIX A: TESTS ON GC RADIAL
DISTRIBUTIONS
One should consider the baryonic effects that we have ig-
nored in this scenario. Specifically, we have ignored tidal
stripping, which will preferentially remove GCs nearest the
centre and increase our median radii (although this will pri-
marily affect the metal-rich population) and increase the
tension. Thus from this perspective, the radius reported
here should be considered lower limits to the expected half-
number radii. On the other hand the baryonic collapse of
material to the centres of halos will contract the orbits and
tend to alleviate the tension. Using the adiabatic approxi-
mation for circular orbits (e.g. Blumenthal et al. 1986) we
also indicate the the contracted radii where we assume a
1012 M halo with a median concentration of 8.6. This gives
a contraction of approximately 6 kpc for most of the halos
of interest, though this is probably an overestimate due to
the circular orbit approximation (e.g. Dutton et al. 2007).
For an easy comparison, we have indicated the effect of bary-
onic contraction in our set of Aquarius halos shown in Fig. 4,
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Figure A1. As for Fig. 4 but exploring the effects of adiabatic
contraction. Filled magenta symbols indicate the Aquarius sim-
ulations without baryonic contraction, whilst open symbols are
the median radii including the effect of a 1011 M baryonic disk.
Filled black star indicates the radius from Diemand et al. (2005).
Observations (grey points) and model (green) as for Fig. 4.
where filled/open magenta symbols indicate the results with-
out and with adiabatic contraction, respectively.
Noticeably in Fig. 4 the median GC radius from Die-
mand et al. (2005), which has been averaged over several
galaxies, is more than 1 sigma more compact than our re-
sults. We believe that this arises due to the different tagging
techniques: whereas we tag only the most-bound particle of
a GC-hosting dark matter halo to trace their z = 0 position,
Diemand et al. uses the distribution of all particles in can-
didate halos. The latter, as is equivalent to a mass-weighted
average that is mostly tracing the main progenitor of a MW
halo, instead of the many more accreted and smaller subha-
los. As an estimate, a 1012 M halo at z = 0 can have a main
progenitor with mass 1010 already at z = 9, dominant over
the contribution from the other subhalos. Other causes for
the difference include the cosmology and the unique forma-
tion history of each galaxy.
Another work that has found more compatible (com-
pact) predicted GC radii is Griffen et al. (2010), for a set
of GCs for the Milky-Way analogue Aquarius A-2. This re-
quired the use of a relatively high reionization redshift for
the MW (z ≈ 13), and so the GCs are more clustered. We
tested our method on the Aquarius (Springel et al. 2008)
halos (these are of course a slightly different cosmology) and
as see in Fig. A1 they fall, within the range of our distribu-
tion, with the exception of Aquarius E-44. E-4 is the halo
with the least tagged halos, which seems to be correlated
with more compact distributions in our simulations.
A final test we made was to consider GC formation
not only at the tagging redshift but prior redshifts as well,
4 Usually one expects Aq-F to be the outlier since it experiences
a late major merger, but surprisingly this not the case here.
comparable for example to Griffen et al. (2010). As such we
ran an additional high time-resolution simulation down to
redshift 8.65 in order to identify how many of our halos of
mass above Mtag had in fact achieved this mass in more than
one progenitor, however this only appeared to increase the
number of halos by around 3%, and as such would make
little difference to our result.
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